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Quantification of creatinine kinetic parameters in patients with
acute renal failure.
Background. Urea kinetic modeling (UKM) and creatinine (Cr)
kinetic modeling (CKM) are used in the nutritional evaluation of
end-stage renal disease (ESRD) patients. Both the UKM-derived
normalized protein catabolic rate (nPCR) and the CKM-derived
estimate of lean body mass (LBM) may also provide important
information in critically ill acute renal failure (ARF) patients.
Estimation of LBM may be particularly useful as previous data
demonstrate that malnutrition adversely influences outcome in
ARF patients.
Methods. Eleven critically ill ARF patients (age 52 6 21 years;
mean 6 SD) treated with continuous venovenous hemofiltration
(CVVH) were the study group. They were analyzed at steady state
with a single-pool variable-volume model that determined the
creatinine generation rate (GCr) by a methodology that we have
previously described.
Results. The CVVH ultrafiltrate production rate was 913 6 49
ml/hr, yielding a blood Cr clearance of 15.2 6 0.9 ml/min and a
steady state serum Cr of 3.4 6 1.7 mg/dl. Daily creatinine
generation normalized to body wt (creatinine index: CI) was 6.3 6
0.8 and 10.6 6 3.0 mg/kg/day for females (N 5 4) and males (N 5
7), respectively (P , 0.05). Estimated mean LBM was 30.0 6 2.0
and 41.2 6 7.0 kg in females and males, respectively (P , 0.05),
while the same parameter normalized to body wt was 0.50 6 0.05
and 0.52 6 0.10, respectively. These values are substantially lower
than those previously reported for both normal and ESRD
patients. Regression analysis demonstrated both GCr (r
2 5 0.96;
P , 0.001) and LBM (r2 5 0.96; P , 0.001) were significantly
correlated with steady state serum Cr in a linear manner. How-
ever, no significant correlation (r2 5 0.06; P 5 0.24) between
nPCR and CI was observed.
Conclusions. These data suggest critically ill ARF patients have
severe somatic protein depletion. This malnourished state is likely
due to deficits established prior to the development of ARF, such
as those secondary to underlying chronic illnesses or prolonged
hospitalization, and deficits related to acute hypercatabolism.
Quantitative assessment of malnutrition in ARF patients with this
CKM-based methodology may permit a better understanding of
predisposing factors and, consequently, facilitate the development
of interventions designed to prevent malnutrition in these pa-
tients.
Recent studies demonstrate that mortality rates in criti-
cally ill, dialysis-dependent patients with acute renal failure
(ARF) remain high [1–5]. Numerous factors may contrib-
ute to these high mortality rates, which persist despite
significant recent improvements in dialysis equipment, an-
timicrobial agents, and critical care technology. One of
these factors is the present willingness of clinicians to
provide renal replacement therapy (RRT) to increasingly
sicker patients. By use of methods that estimate illness
severity quantitatively, recent analyses [5–8] have demon-
strated underlying co-morbidities of a chronic nature, such
as heart disease and renal insufficiency, and an acute
nature, such as sepsis and hepatic failure, influence ARF
outcome in the intensive care unit (ICU). However, a
clinical characteristic that has not been assessed adequately
as a factor potentially influencing ARF outcome is nutri-
tional status.
In stable end-stage renal disease (ESRD) patients, quan-
titative nutritional information can be obtained through
urea kinetic modeling (UKM) due to the rough equivalence
between normalized protein catabolic rate (nPCR) and
dietary protein intake [9]. (Although the more appropriate
term for nPCR is the “protein equivalent of the urea
nitrogen appearance rate” [10], nPCR is used subsequently
because it is the more widely used term among clinical
nephrologists.) Likewise, both Keshaviah et al [10] and
Canaud et al [11] have employed creatinine (Cr) kinetic
modeling (CKM) in the ESRD population to estimate
somatic protein stores or lean body mass (LBM), another
quantitative nutritional marker. Previous studies [12–14]
have suggested both nPCR and LBM are inversely related
to morbidity and mortality in ESRD patients.
Some groups, including our own, also have recently
begun to use UKM to quantify patient and treatment
Key words: urea, kinetics, hemofiltration, malnutrition, catabolism, lean
body mass.
Received for publication November 10, 1997
and in revised form January 7, 1997
Accepted for publication March 2, 1998
© 1998 by the International Society of Nephrology
Kidney International, Vol. 54 (1998), pp. 554–560
554
parameters in ARF [15–19]. However, the numerous clin-
ical differences between stable ESRD patients and critically
ill ARF patients suggest that the results derived from
quantification methods may have entirely different impli-
cations in the two patient populations. For example, rather
than being a surrogate for dietary protein intake, nPCR in
critically ill ARF patients may be more appropriately
viewed as a marker of illness acuity.
To our knowledge, no investigators have attempted to
adapt CKM methods for use in ARF. Because somatic
protein malnutrition adversely influences outcome in criti-
cally ill patients, including those with ARF, CKM may
provide useful information in the management of these
patients. Therefore, in the present investigation, we em-
ployed CKM in a series of critically ill, RRT-dependent
ARF patients to estimate LBM. Our results demonstrate
that the Cr generation rate and LBM are abnormally low in
ICU ARF patients, and suggest these abnormalities may
play a role in the high mortality rate of this patient group.
METHODS
Patient and treatment characteristics
Eleven critically ill, oligoanuric ARF patients who re-
ceived continuous venovenous hemofiltration (CVVH) at
Indiana University Hospital comprised the study group. In
a previous publication the clinical characteristics and re-
sults of steady state UKM analyses for this patient group
were reported [15]. All patients were in an intensive care
unit and received no nutrition by mouth during the study
period. The standard CVVH operating protocol was ob-
served for all patients [20]. The extracorporeal circuit
included an Amicon-20 polysulfone hemofilter (Amicon,
Danvers, MA, USA). Bicarbonate-based replacement flu-
ids were administered in a pre-filter mode. Blood flow was
generated by a roller pump (Renal Systems, Minneapolis,
MN, USA) and an infusion pump (Baxter Healthcare,
Deerfield, IL, USA), set at 1000 ml/hr, acted as an ultra-
filtrate governor. Pertinent biochemical data included
blood urea nitrogen concentration (BUN) and serum cre-
atinine (SCr) values, determined every 6 to 12 hours, and
pre-treatment serum albumin and cholesterol values. In
addition, 24-hour ultrafiltrate production rates were re-
corded daily. Finally, severity of illness was estimated by
determining the Acute Physiology and Chronic Health
Evaluation (APACHE) II score [21] on the day of CVVH
initiation.
Creatinine kinetic analyses
During each patient’s CVVH course, the steady state
period was defined as the first 24 hour period during which
both BUN and SCr varied by less than 5%. Blood Cr
clearance (KCr) was obtained from an expression for predi-
lutional hemofiltration derived by Ofsthun, Colton and
Lysaght [22], with an assumed sieving coefficient of 1.0. As
the vast majority of patients in the study were anuric,
endogenous creatinine clearance was not determined.
For each patient, the creatinine generation rate (GCr)
was determined from the steady state values of SCr and KCr
by use of a variable-volume, single-pool model that we have
previously described for urea [15]. In this previous investi-
gation [15], urea distribution volume was also determined
in each patient. As previous studies [11, 23] have demon-
strated creatinine distribution space approximates that of
urea (that is, total body water), creatinine volume of
distribution (Vcr) was estimated by the previously deter-
mined urea distribution volume in each patient.
As originally proposed by Forbes [24] and more recently
demonstrated by Johansson, Attman and Haraldsson [25],
the appropriate equation relating LBM to GCr is dependent
upon dietary factors. For patients provided a meat-free diet
(as in this study), LBM is related to GCr in the following
manner:
LBM ~kg! 5 20.7 1 0.0241 3 GCr (Eq. 1)
where GCr is expressed in mg/day for this expression.
Finally, Cr production rates predicted by the Cockcroft-
Gault equations [26] were compared to those determined
by CKM:
Production ~mg/day! in males 5 28.0 2 0.2
3 age ~years! (Eq. 2a)
Production ~mg/day! in females 5 23.8 2 0.17
3 age ~years! (Eq. 2b)
RESULTS
Patient and treatment data
Seven males and four females comprised the study
group, only one of whom survived to hospital discharge
(91% in-hospital mortality). The demographic characteris-
tics of the group at baseline appear in Table 1. The mean
baseline APACHE II score, measured on the day of CVVH
initiation, was 29.9 6 6.1 (mean 6 SD), confirming a high
acuity of illness. Although the etiologies of both the
baseline hypocholesterolemia (mean serum cholesterol,
104 6 27 mg/dl) and hypoalbuminemia (mean serum
albumin, 3.0 6 0.8 g/dl) were probably multifactorial,
malnutrition may have contributed to both of these bio-
chemical abnormalities.
Nine of the 11 patients had at least one of the following
Table 1. Characteristics of CVVH patients
Age years 52 6 21
Male/female 7/4
Serum creatinine mg/dl 5.6 6 2.6
Serum albumin g/dl 3.0 6 0.8
Serum cholesterol mg/dl 104 6 27
APACHE II score 29.9 6 6.1
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underlying chronic illnesses: congestive heart disease, hy-
pertension, coronary artery disease, chronic obstructive
pulmonary disease, Hodgkin’s disease, chronic myeloge-
nous leukemia, and hepatitis C. Of these nine patients, five
had recently undergone organ transplantation. One of the
two patients free of underlying chronic diseases developed
ARF toward the end of a subacute course of Wegener’s
granulomatosis. Therefore, of the 11 patients, only one,
whose ARF was related to acute pancreatitis and sepsis,
was totally free of underlying medical problems prior to the
development of ARF.
The CVVH therapy characteristics are shown in Table 2.
The CVVH ultrafiltrate production rate was 913 6 49
ml/hr, resulting in a blood-side filter KCr of 15.2 6 0.9
ml/min. This level of delivered therapy resulted in a fall in
the SCr from 5.6 6 2.6 mg/dl pre-CVVH to 3.4 6 1.7 mg/dl
at steady state (P , 0.05). The BUN at steady state was
78 6 18 mg/dl, resulting in a mean steady state BUN/SCr
ratio of 28.0 6 14.2.
Creatinine kinetic analyses
Results of the CKM analyses appear in Table 3. The
kinetically-derived GCr (mg/day) was used to determine the
measured creatinine index (CI: mg/kg/day), while the pre-
dicted CI was estimated from the Cockcroft-Gault equa-
tion. As expected, GCr and measured CI were both signif-
icantly higher in males than females. However, in both
males and females, mean measured CI values were signif-
icantly less than measured values reported by Canaud et al
[11] for stable chronic HD patients. In addition, measured
CI values in this ARF population were significantly less
than those predicted by the Cockcroft-Gault equation. On
the other hand, these data from critically ill ARF patients
are similar to creatinine excretion data previously reported
by Pesola, Akhavan and Carlon for a similar group of ICU
patients [27].
The suggestion of an overall marked depletion of muscle
mass in this patient group was further evaluated by deter-
mination of LBM (Table 4). As all patients were adminis-
tered either intravenous alimentation or gastric feedings,
an equation specifically developed by Forbes [24] for
patients receiving a meat-free diet was used to determine
LBM. Although LBM (in kg) was significantly higher in
males than females (41.2 6 7.0 and 30.0 6 2.0, respectively;
P , 0.05), there was no difference between the two groups
Fig. 1. Creatinine generation rate (A) and lean body mass (B) as a
function of serum creatinine concentration at steady state. A significant
linear relationship is observed in both A (r2 5 0.96; P , 0.001) and B
(r2 5 0.96; P , 0.001).
Table 2. CVVH therapy characteristics
Ultrafiltration rate ml/hr 913 6 49
Creatinine clearance ml/min 15.2 6 0.9
Steady state SCr mg/dl 3.4 6 1.7
Steady state BUN mg/dl 78 6 18
Steady state BUN/SCr 28.0 6 14.2
Table 3. Measured vs. predicted creatinine index (CI)
Females Males Group
Steady state SCr
a mg/dl 2.0 6 0.5 4.2 6 1.7 3.4 6 1.7
Generationa mg/day 387 6 82 850 6 290 681 6 327
Measured CIa mg/kg/day 6.3 6 0.8 10.6 6 3.0 9.0 6 3.2
Predicted CI mg/kg/day 14.0 6 3.6 18.3 6 4.4 16.7 6 4.5
a P , 0.05, female vs. male
Table 4. Lean body mass (LBM) estimations
Females Males Group
LBM kga 30.0 6 2.0 41.2 6 7.0 37.1 6 7.9
Normalized LBM kg/kg 0.50 6 0.05 0.52 6 0.10 0.51 6 0.09
a P , 0.05, female v. male
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when LBM was normalized to the steady state body wt.
Based on normalized LBM (kg/kg) values of 0.60 and 0.70
for females and males, respectively, being indicative of
“extremely low” LBM [10], every ARF patient in the
present study fell in this category. Due to the expected
significant difference between mean normalized LBM val-
ues in males and females, the relative extent of LBM loss
appeared to be greater in the former group.
Regression analyses
The relationship between CKM-derived parameters and
steady state SCr is shown in Figure 1. In Figure 1A, the
significant linear correlation between GCr and SCr at steady
state is demonstrated. Based on the equation from which
LBM was derived (Equation 1), the similar significant
relationship between LBM and SCr at steady state was
expected (Fig. 1B). These data indicate the steady state
value at which the SCr plateaus, in conjunction with the
delivered Cr clearance, may be useful as a rough approxi-
mation of somatic protein stores in critically ill patients
treated with continuous RRT (CRRT). In addition, as
suggested by Lowrie and Lew [28] for ESRD patients, these
data suggest the steady state SCr in ARF patients is more
appropriately regarded as a nutritional parameter than as a
treatment adequacy parameter.
The mean nPCR at steady state was 1.69 6 0.73 g/kg/day,
consistent with previously reported values for patients in
this clinical situation [17, 29–31]. When nPCR was re-
gressed with normalized creatinine generation (CI), no
significant relationship between these two parameters was
observed (Fig. 2). These results conflict with data from the
ESRD population [10, 11] describing a significant linear
relationship between nPCR and CI or LBM.
DISCUSSION
Several groups have employed CKM as a method by
which somatic protein stores can be estimated in ESRD
patients [10, 11, 25, 32–34]. In a study reported by Canaud
et al, the creatinine index was found to be directly related
to survival in a group of 90 ESRD patients studied over a
six to 36 month period [11]. In addition, these investigators
observed a significant linear relationship between nPCR, a
marker of dietary protein intake, and creatinine index, a
marker of muscle mass. A similar linear relationship be-
tween nPCR and creatinine production rate has also been
reported by Keshaviah et al in ESRD patients [10]. In this
latter study, LBM normalized to body wt was below the
lower limit of normal established for males and females
(0.70 and 0.60, respectively) in 66% of chronic peritoneal
dialysis patients.
In the present study, CKM methods were adapted to
estimate somatic protein stores in a group of critically ill
ARF patients. Based on comparisons both to values pre-
dicted for normal individuals and values measured in
ESRD patients, our CKM analyses suggest that the extent
of somatic protein depletion was substantial in this ARF
population. Based on the Cockcroft-Gault equation, the
mean predicted CI for the entire patient group in the
present study was approximately 17 mg/kg/day (Table 4), a
value significantly greater than the mean actual (measured)
CI for this ARF group (9.0 mg/kg/day). In addition, the
mean measured CI in the present study was substantially
less than the corresponding value (21 mg/kg/day) deter-
mined in the Canaud study involving chronic HD patients,
in whom the mean age (55 years) was quite similar to that
in the present study (52 years). The LBM determinations in
the present study confirmed the severity of the somatic
protein malnutrition. For all patients in the study, the
normalized LBM was less than previously established cri-
teria below which severe somatic protein depletion is felt to
be present. This marked degree of depletion may have been
one factor mediating the high overall mortality (91%) of
these specific patients.
Previous investigations suggest that malnutrition influ-
ences outcome in ICU ARF patients [35–38]. However,
these studies have primarily focused on the effect of
nutritional support on outcome. As Ikizler and Himmelfarb
have correctly noted in a recent review, these studies have
failed to establish malnutrition per se as an independent
risk factor for death in ARF patients and leave open the
possibility that malnutrition is simply a byproduct of con-
comitant critical illness [39]. The exception to this general
deficiency of previous studies is an investigation recently
published in preliminary form by Fiaccadori et al [40]. In
this study, the presence or absence of malnutrition was
established with the subjective global assessment [41]. In
addition, nutritional status was assessed by a variety of
other techniques, including arm muscle area (AMA) and
Fig. 2. Normalized protein catabolic rate as a function of creatinine
index. The relationship between the two parameters is not significant (r2 5
0.06; P 5 0.23).
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SCr measurements. In malnourished patients, AMA and
SCr, both of which are reflective of somatic protein stores,
were significantly lower than the same parameters in pa-
tients considered to have normal nutritional status. In turn,
malnutrition was found to be a significant independent
predictor of death by logistic regression analysis. Of note,
Paganini et al have also recently reported that a relatively
low rate of increase in serum creatinine is independently
associated with poor clinical outcome in ICU ARF patients
[19]. These recent data demonstrate the adverse impact of
somatic protein depletion on outcome in ARF patients and
attest to the importance of evaluating somatic protein
status in this group.
In addition to having evidence of severe somatic protein
depletion, the patients in the present study had other
characteristics possibly consistent with malnutrition. One of
these characteristics was severe hypocholesterolemia, for
which one etiology could have been malnutrition. The
depressed baseline serum albumin values (mean, 3.0 6 0.8
g/dl) also could have been due to malnutrition-related
visceral protein depletion. However, the validity of serum
albumin’s role as a sensitive marker of nutritional status has
been challenged [42], and the hypoalbuminemia in these
patients has at least two other potential explanations. One
is volume overload with resultant hemodilution (vide infra).
The other potential explanation is albumin’s role as a
negative acute-phase reactive protein whose synthesis is
impaired by inflammatory processes. In chronic hemodial-
ysis patients, recent data indicate serum albumin is signif-
icantly and negatively correlated with two strong acute-
phase proteins: C-reactive protein (CRP) and serum
amyloid A (SAA) [43, 44]. Because many of the patients in
the present study had sepsis, their hypoalbuminemia may
have been more strongly related to a generalized inflam-
matory state rather than malnutrition per se.
For ESRD patients in whom neither net catabolism or
anabolism is present, the nPCR is considered an appropri-
ate surrogate for dietary protein intake [9]. Previous studies
in this population [10, 11] have demonstrated a significant
linear relationship between nPCR and markers of somatic
protein status, LBM and CI, suggesting that higher protein
intake leads to greater muscle mass. Therefore, as recently
discussed by Canaud et al, UKM and CKM provide com-
plementary nutritional information in stable ESRD pa-
tients [11]. In the present study, we also assessed the
relationship between nPCR and CKM-derived nutritional
parameters. As opposed to the above ESRD studies, no
significant relationship between nPCR and either CI or
LBM was observed for the ARF patient population as-
sessed in the present study. The disparate implications of
nPCR in stable ESRD patients and unstable ARF patients
accounts for this uncoupling of UKM and CKM parameters
in ARF. Because a characteristic feature of hypercatabolic
ARF is net negative nitrogen balance [30, 39, 45], nPCR in
this setting is not a surrogate for dietary protein adminis-
tration. Instead, nPCR in ARF is more appropriately
regarded as a marker of acute illness severity and hyperca-
tabolism-induced turnover of protein. As such, it is not
necessarily expected to be correlated with somatic protein
stores. In addition, acute illness may influence creatinine
generation and excretion (vide infra).
Our data demonstrating an abnormally low rate of
creatinine generation in critically ill ARF patients are
similar to those reported by Pesola, Akhavan and Carlon
[27]. These investigators measured urinary creatinine ex-
cretion rate (normalized to body wt) in 209 ICU patients
with acute organ dysfunction. Using both actual and lean
body wt for calculation purposes, they found 37% and 30%
of patients, respectively, to have creatinine excretion rates
less than 10 mg/kg/day. Patients with creatinine excretion
rates in this low range were significantly more likely to be
female and elderly (age . 60 years). Creatinine excretion
rate has also been found to be a predictor of outcome in
acutely ill patients [46]. In a study involving 282 hospital-
ized patients, Harvey et al showed a low creatinine-height
index was significantly associated with sepsis and this index
was significantly lower in dying versus surviving patients
[46].
The effect of acute illness or a catabolic insult on urinary
creatinine excretion has been assessed in previous studies.
In the immediate period following serious traumatic injury,
Schiller, Long and Blakemore [47] found the mean urinary
creatinine excretion rate to be substantially higher than the
mean predicted value based on gender and height. How-
ever, creatinine excretion frequently fell to abnormally low
levels in patients hospitalized for prolonged periods. This
decrease in creatinine excretion frequently was accompa-
nied by substantial weight loss, which the authors attributed
to loss of lean body mass. Of note, these phenomena of
increased creatinine excretion in response to a catabolic
event [48] and decreasing creatinine excretion during pro-
longed hospitalization [49] have been observed by other
investigators. Schiller et al also assessed the effect of
serious non-traumatic illness on creatinine excretion in
patients with antecedent malnutrition [47]. In these pa-
tients, creatinine excretion was initially depressed markedly
and only spuriously “normalized” after an acute insult
(such as surgery and infection) occurred.
For several reasons, the above findings by other investi-
gators are applicable to the patients comprising the present
study with respect to the possible development of somatic
protein malnutrition. First, many patients in the present
study had been hospitalized for significant periods of time
prior to the development of ARF. This was particularly
applicable to patients transferred to our tertiary care
referral center from outlying institutions. However, be-
cause records from these outside hospitals were frequently
incomplete, it was impossible to determine the extent of
any possible weight loss that may have occurred prior to the
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development of ARF in the majority of patients. In addi-
tion, the presence of underlying chronic illnesses predis-
posing these patients to malnutrition may have been con-
tributory. Second, although the mean nPCR was markedly
elevated in these patients, this marked hypercatabolism was
not sufficient to result in an increase in the rate of
creatinine generation. Based on the results of the Schiller
et al study [47], this suggests the present group of patients
had marked depletion of lean body mass even prior to the
development of ARF. This advanced malnutrition may have
contributed to the high in-hospital mortality of this group, as
has been suggested by our group [50] and others [51, 52].
In the CKM methodology that we employed, some
potential weaknesses require additional discussion. First,
the assumed hemofilter sieving coefficient of 1.0 for creat-
inine may have not been strictly applicable in all patients at
steady state. However, previous reports suggest that hemo-
filters with preserved ultrafiltration, which was a prerequi-
site in the present study, maintain small solute sieving
coefficients very close to unity [53, 54]. Second, in deter-
mining CI and normalized LBM, we used actual body wt at
steady state rather than ideal body wt. The possible pres-
ence of significant volume overload at steady state could
have resulted in spuriously decreased values of these CKM
parameters. However, the mean duration of CVVH was
nearly one week (6.7 days) prior to the steady state analysis
period. Because correction of volume overload occurred
during this period, the attainment of euvolemia or near-
euvolemia probably had occurred by the time the analyses
were performed. In addition, the estimate of total body
water (mean, 0.57 liter/kg) obtained in our previous UKM
studies of this same group [15] suggests attainment of
euvolemia occurred in most patients. Although the pres-
ence of a small degree of volume overload at steady state
may have modestly influenced the absolute values for mean
LBM and CI, the overall trends would not have been
affected substantively. The third potential weakness in our
CKM analyses relates to the equation used for LBM
determinations. We employed an equation that did not
account for metabolic clearance because this adaptive
mechanism has been documented only in chronic renal
failure [55]. In addition, although recent CKM analyses in
ESRD patients have accounted for metabolic clearance [10,
11], the validity of doing so has recently been questioned
[25]. The assumption of single-pool kinetics for both urea
and creatinine is also a potential shortcoming. However,
due to the low rate of extracorporeal removal of these
solutes during CVVH, particularly in relation to their
relatively high intercompartmental mass transfer rates, a
significant disequilibrium is highly unlikely. Nevertheless,
future ARF studies should address this issue and our
assumption of the equivalence of the distribution volumes
for urea and creatinine, the latter of which has been
documented in ESRD patients [11, 23]. Finally, use of a
second technique (such as, bioimpedance) designed to
provide corroborative somatic protein data may have
strengthened the present study.
In summary, this study demonstrates CKM is a useful
tool in the assessment of somatic protein stores in critically
ill ARF patients. Our data suggest these patients have
marked depletion of somatic protein stores, a factor that
may contribute to the high mortality rates in this patient
population. The etiology of this malnourished state is
probably multifactorial, including underlying chronic ill-
nesses, prolonged hospitalization, and ongoing hyperca-
tabolism. Quantitative assessment of malnutrition in ARF
patients may permit a better understanding of predisposing
factors, and consequently facilitate the development of inter-
ventions designed to prevent malnutrition in these patients.
ACKNOWLEDGMENT
These data were presented in part at the annual meeting of the
American Society of Nephrology (New Orleans, LA, November 5, 1996).
Reprint requests to William R. Clark, M.D., Renal Division, Baxter




Abbreviations used in this article are: AMA, arm muscle area;
APACHE, Acute Physiology and Chronic Health Evaluation; ARF, acute
renal failure; BUN, blood urea nitrogen; Cr, creatinine; CI, creatinine
index; CKM, creatinine kinetic modeling; CRP, C-reactive protein;
CRRT, continuous renal replacement therapy; CVVH, continuous veno-
venous hemofiltration; ESRD, end-stage renal disease; GCr, creatinine
generation rate; ICU, intensive care unit; KCr, blood creatinine clearance;
LBM, lean body mass; nPCR, normalized protein catabolic rate; RRT,
renal replacement therapy; SAA, serum amyloid A; SCr, serum creatinine;
UKM, urea kinetic modeling; VCr, creatinine volume of distribution.
REFERENCES
1. SPURNEY RF, FULKERSON WJ, SCHWAB SJ: Acute renal failure in
critically ill patients: Prognosis for recovery of kidney function after
prolonged dialysis support. Crit Care Med 19:8–11, 1991
2. GROENEVELD A, TRAN DD, VANDERMEULEN J, NAWTA SJ, THIJS D:
Acute renal failure in the medical intensive care unit: Predisposing,
complicating factors and outcome. Nephron 59:602–610, 1991
3. SCHETZ M, LAUWERS P, FERDINANDE P: Extracorporeal treatment of
acute renal failure in the intensive care unit: A critical view. Intensive
Care Med 15:349–357, 1989
4. WOODROW G, TURNEY JH: Cause of death in acute renal failure.
Nephrol Dial Tranplant 7:230–234, 1992
5. MEHTA RL: Therapeutic alternatives to renal replacement therapy for
critically ill patients in acute renal failure. Semin Nephrol 14:64–82,
1994
6. PAGANINI EP, HALSTENBERG W, GOORMASTIC M: Risk modeling in
acute renal failure requiring dialysis: The introduction of a new
model. Clin Nephrol 44:206–211, 1996
7. DOUMA C, REDEKOP W, VAN DER MEULEN J, VAN OLDEN R, HAECK J,
STRUIJK D, KREDIET R: Predicting mortality in intensive care patients
with acute renal failure treated with dialysis. J Am Soc Nephrol
8:111–117, 1997
8. LIANO F, GALLEGO A, PASCUAL J, GARCIA-MARTIN F, TERCELL J,
MERCEN R, OROGINO L, ORTE L, RIVERA M, GALLEGO N: Prognosis
of acute tubular necrosis: An extended prospective contrasted study.
Nephron 63:21–31, 1993
9. GOTCH F: Kinetic modeling in hemodialysis, in Clinical Dialysis (3rd
ed), edited by NISSENSON A, FINE R, GENTILE D, Norwalk, Appleton
and Lange, 1995, pp 156–188
Clark et al: Creatinine kinetics in acute renal failure 559
10. KESHAVIAH P, NOLPH K, MOORE H, PROWANT B, EMERSON P, MEYER
M, TWARDOWSKI Z, KHANNA R, PONFERRADA L, COLLINS A: Lean
body estimation by creatinine kinetics. J Am Soc Nephrol 4:1475–1485,
1994
11. CANAUD B, GARRED L, ARGILES A, FLAVIER J, BOULOUX C, MION C:
Creatinine kinetic modeling: A simple and reliable tool for the
assessment of protein nutritional status in haemodialysis patients.
Nephrol Dial Transplant 10:1405–1410, 1995
12. CANADA-USA PERITONEAL DIALYSIS STUDY GROUP: Adequacy of
dialysis and nutrition in continuous peritoneal dialysis: Association
with outcome. J Am Soc Nephrol 7:198–207, 1996
13. MCCUSKER F, TEEHAN B, THORPE K, KESHAVIAH P, CHURCHILL D:
How much peritoneal dialysis is required for the maintenance of a
good nutritional state? Kidney Int 50(Suppl 56):S56–S61, 1996
14. ACCHIARDO S, MOORE L, LATOUR P: Malnutrition as the main factor
in morbidity and mortality of hemodialysis patients. Kidney Int 24:
199–203, 1983
15. CLARK WR, MURPHY MH, ALAKA K, MUELLER BA, PASTAN SO,
MACIAS WL: Urea kinetics in continuous hemofiltration. ASAIO J
38:M664–M667, 1992
16. CLARK WR, MUELLER BA, ALAKA KJ, MACIAS WL: A comparison of
metabolic control by continuous and intermittent therapies in acute
renal failure. J Am Soc Nephrol 4:1413–1420, 1994
17. CLARK WR, MUELLER BA, KRAUS MA, MACIAS WL: Extracorporeal
therapy requirements for patients with acute renal failure. J Am Soc
Nephrol 8:804–812, 1997
18. LEBLANC M, TAPOLYAI M, PAGANINI E: What dialysis dose should be
provided in acute renal failure? A review. Adv Ren Replace Ther
2:255–264, 1995
19. PAGANINI EP, TAPOLYAI M, GOORMASTIC M, HALSTENBERG W,
KOZLOWSKI L, LEBLANC M, LEE J, MURENO L, SAKAI K: Establishing
a dialysis therapy/patient outcome link in intensive care unit acute
dialysis for patients with acute renal failure. Am J Kidney Dis 28(Suppl
3):S81–S89, 1996
20. MACIAS WL, MUELLER BA, SKARIM SK, ROBINSON M, RUDY DW:
Continuous veno-venous hemofiltration: An alternative to continuous
arteriovenous hemofiltration and hemodiafiltration in acute renal
failure. Am J Kidney Dis 18:451–458, 1991
21. KNAUS W, DRAPER E, WAGNER D, ZIMMERMAN J: APACHE II: A
severity of disease classification system. Crit Care Med 13:818–827,
1985
22. OFSTHUN NJ, COLTON C, LYSAGHT M: Determination of fluid and
solute removal rates during hemofiltration, in Hemofiltration, edited
by HENDERSON L, QUELLHORST E, BALDAMUS C, LYSAGHT M, Berlin,
Springer-Verlag, 1986, pp 17–39
23. DOMBECK D, KLEIN E, WENDT R: Evaluation of two pool model for
predicting serum creatinine levels during intra- and inter-dialytic
periods. Trans Am Soc Artif Intern Organs 21:117–123, 1975
24. FORBES GB: Human Body Composition. Berlin, New York, Springer
Verlag, 1987, p 58
25. JOHANSSON A, ATTMAN P, HARALDSSON B: Creatinine generation rate
and lean body mass: A critical analysis in peritoneal dialysis patients.
Kidney Int 51:855–859, 1997
26. COCKCROFT D, GAULT M: Prediction of creatinine clearance from
serum creatinine. Nephron 16:31–41, 1976
27. PESOLA G, AKHAVAN I, CARLON G: Urinary creatinine excretion in the
ICU: Low excretion does not mean inadequate collection. Am J Crit
Care 2:462–466, 1993
28. LOWRIE E, LEW N: Death risk in hemodialysis patients: The predictive
value of commonly measured variables and an evaluation of death rate
differences between facilities. Am J Kidney Dis 15:458–482, 1990
29. MACIAS WL, ALAKA KJ, MURPHY MH, MILLER ME, CLARK WR,
MUELLER BA: Impact of the nutritional regimen on protein catabo-
lism and nitrogen balance in patients with acute renal failure. JPEN
20:56–62, 1996
30. CHIMA CS, MEYER L, HUMMELL AC, BOSWORTH C, HEYKA R,
PAGANINI EP, WERYNSKI A: Protein catabolic rate in patients with
acute renal failure on continuous arteriovenous hemofiltration and
total parenteral nutrition. J Am Soc Nephrol 3:1516–1521, 1993
31. IKIZLER TA, GREENE JH, WINGARD RL, HAKIM RM: Nitrogen
balance in acute renal failure (ARF) patients. (abstract) J Am Soc
Nephrol 6:466, 1995
32. LO W, PROWANT B, MOORE H, GAMBOA S, NOLPH K, FLYNN M,
LONDEREE B, KESHAVIAH P, EMERSON P: Comparison of different
measurements of lean body mass in normal individuals and in chronic
peritoneal dialysis patients. Am J Kidney Dis 23:74–85, 1994
33. BRANDES J, PIERING W, BERES J, BLUMENTHAL S, FRITSCHE C:
Clinical outcome of continuous ambulatory peritoneal dialysis pre-
dicted by urea and creatinine kinetics. J Am Soc Nephrol 2:1430–1435,
1992
34. DE FIJTER W, DE FITJER C, OE P, TER WEE P, DONKER A: Assessment
of total body water and lean body mass from anthropometry, Watson
formula, creatinine kinetics, and body electrical impedance compared
with antipyrine kinetics in peritoneal dialysis patients. Nephrol Dial
Tranplant 12:151–156, 1997
35. ABEL R, BECK C, ABBOTT W: Improved survival from acute renal
failure after treatment with intravenous essential L-amino acids and
hypertonic glucose. N Engl J Med 288:695–699, 1973
36. BAEK S, MAKABALI G, BRYAN-BROWN C, KUSEK J, SHOEMAKER W:
The influence of parenteral nutrition on the course of acute renal
failure. Surg Gynecol Obstet 141:405–408, 1975
37. BARTLETT R, MAULT J, DECHERT R, PALMER J, SWARTZ R, PORT F:
Continuous arteriovenous hemofiltration: Improved survival in surgi-
cal acute renal failure? Surgery 100:400–408, 1986
38. MAULT J, DECHERT R, LEES P, SWARTZ R, PORT F, BARTLETT R:
Continuous arteriovenous hemofiltration: An effective treatment for
surgical acute renal failure. Surgery 101:478–484, 1987
39. IKIZLER T, HIMMELFARB J: Nutrition in acute renal failure patients.
Adv Ren Replace Ther 4(Suppl 1):54–63, 1997
40. FIACCADORI E, LOMBARDI M, LEONARDI S, ZAMBRELLI P, TOR-
TORELLA G: Outcome of malnutrition in acute renal failure. (abstract)
J Am Soc Nephrol 7:1372, 1996
41. BAKER J, DETSKY A, WESSON D, WOLMAN S, STEWART S, WHITEWELL
J, LANGER B, JEEJEEBHOY K: Nutritional assessment: A comparison of
clinical judgement and objective measurements. N Engl J Med 306:
969–972, 1982
42. KLEIN S: The myth of serum albumin as a measure of nutritional
status. Gastroenterology 99:1845–1846, 1990
43. KAYSEN G, STEVENSON F, DEPNER T: Determinants of albumin
concentration in hemodialysis patients. Am J Kidney Dis 29:658–668,
1997
44. BERGSTROM J, HEIMBURGER O, LINDHOLM B, QURESHI A: Elevated
serum CRP is a strong predictor of increased mortality and low serum
albumin in hemodialysis patients. (abstract) J Am Soc Nephrol 6:573,
1995
45. BELLOMO R, RONCO C: The nutritional management of acute renal
failure in the critically ill patient. Am J Kidney Dis 28(Suppl 3):S58–
S61, 1996
46. HARVEY K, MOLDAWER L, BISTRIAN B, BLACKBURN G: Biological
measures for the formulation of a hospital prognostic index. Am J Clin
Nutr 34:2013–2022, 1981
47. SCHILLER W, LONG C, BLAKEMORE W: Creatinine and nitrogen
excretion in seriously ill and injured patients. Surg Gynecol Obstet
149:561–566, 1979
48. HEYMSFIELD S, ARTEAGA C, MCMANUS C, SMITH J, MOFFITT S:
Measurement of muscle mass in humans: Validity of the 24-hour
urinary creatinine method. Am J Clin Nutr 37:478–494, 1983
49. CHRYMKO M, SCHENTAG J: Creatinine clearance predictions in acutely
ill patients. Am J Hosp Pharm 38:837–840, 1981
50. MACIAS WL, ALAKA KJ, CLARK WR, MUELLER BA, MILLER M:
Nutritional status may predict outcome for critically ill patients
undergoing continuous hemofiltration. (abstract) J Am Soc Nephrol
5:497, 1994
51. REINHARDT G, MYSCOFSKI R, WILKENS D, DOBRIN P, MANGAN J,
STANNARD R: Incidence and mortality of hypoalbuminemic patients in
hospitalized veterans. JPEN 4:357–359, 1980
52. MANNING E, SHENKIN A: Nutritional assessment in the critically ill.
Crit Care Clin 11:603–634, 1995
53. GOLPER T, ERBECK K, ROBERTS P, PRICE J: Small solute sieving
coefficients using hemodialyzers as filters in continuous venovenous
hemofiltration. (abstract) J Am Soc Nephrol 3:367, 1992
54. SCHAEFFER J, OLBRICHT C, KOCH K: Long-term performance of
hemofilters in continuous hemofiltration. Nephron 72:155–158, 1996
55. MITCH W, COLLIER V, WALSER M: Creatinine metabolism in chronic
renal failure. Clin Sci 58:327–335, 1980
Clark et al: Creatinine kinetics in acute renal failure560
